INTRODUCTION
Migraine (OMIM no. 157300) is a common neurovascular disorder with a strong genetic component. Although genetic variants have been well established for Mendelian forms of migraine, no susceptibility variants associated with common forms of migraine have been consistently reported. So far, most association studies for headache traits have been performed in relatively small study samples and typically for only one or two genes per study. Thus, comprehensive candidate gene association studies saturating large gene families or whole genome association studies have not been reported for headache traits as yet.
The best insight to understand the genetic background underlying pathogenetic mechanisms in migraine is provided by studies in Familial Hemiplegic Migraine (FHM), a Mendelian subtype of migraine with aura (MA) associated with hemiparesis. Families with FHM type 1 (FHM1) (OMIM no. 141500) have missense mutations in CACNA1A (OMIM no. 601011) (1) , which encodes the pore-forming a1 subunit of neuronal voltage-gated Ca v 2.1 (P/Q-type) Ca 2þ channels, type 2 (FHM2) (OMIM no. 602481) patients show mutations in ATP1A2 (OMIM no. 182340) (2) , which encodes the a2 subunit of Na þ /K þ ATPases that are expressed in astrocytes in the adult brain, whereas type 3 (FHM3) (OMIM no. 609634) patients have mutations in the a1 subunit of the neuronal voltage-gated Na þ channel Na v 1.1 (SCN1A) (OMIM no. 182389) (3) .
All three FHM genes are involved in the transport of ions and suggest that disturbances of ions and neurotransmitter levels in the synaptic cleft play a key role in migraine pathophysiology by influencing neuronal excitability (4, 5) . Experimental evidence points to cortical spreading depression (CSD)-a wave of neuronal and glial depolarization followed by long-lasting suppression of neuronal activity that propagates slowly over the cerebral cortex-as the key event for episodic activation of the trigeminovascular system, resulting in migraine headache (6, 7) . CACNA1A FHM1 mutations are predicted to cause increased release of glutamate (the predominant excitatory amino acid transmitter in brain) in the cortex, thus increasing neuronal cortical network excitability rendering the cortex more susceptible to CSD (8) . ATP1A2 FHM2 mutations result in reduced activity or decreased affinity for K þ of the Na þ /K þ pump and thus impaired clearance of K þ and glutamate from the synaptic cleft. SCN1A FHM3 mutations are believed to have effects similar to CACNA1A mutations, in the sense that they predict increased neuronal excitability.
A relevant hypothesis is that the same pathways involved in rare Mendelian forms of migraine might also be involved in the pathogenesis of more common forms of migraine. This is especially appropriate as the main symptoms of headache and aura (as well as the accompanying symptoms of nausea, photophobia and phonophobia) of FHM attacks are very similar to those of MA, and both types of attack occur in FHM patients (9) . In fact, migraine without aura (MO) and MA, frequently co-occur. A Dutch study found that 42% of active migraineurs with aura also reported having migraine attacks without aura (10) . Moreover, MO and MA frequently coexist within a family; a Headache Centre in Italy reported that 45% of MA families also had MO cases (11) and the co-occurrence of FHM, MA and MO has been reported in families (12, 13) . Furthermore, changes in the presenting symptoms of migraine attacks from hemiplegic to severe headache with or without aura in later life (12) , as well as the development of aura among subjects with MO and the converse (12, 14) , suggest overlapping aetiology.
The overlap in symptomatology among migraine subtypes and the fact that all three known FHM genes are involved in the transport of ions, strongly suggests that ion channels and ion transporters, may also underlie susceptibility to the more common forms of MO and MA. The relevance of ion channels and transporters is also apparent from the fact that effective migraine prophylactic agents such as valproate and topiramate act on ion channels or transporters (15) .
There are several reports that rare mutations in FHM genes may also play a role in families with MA and/or MO (16, 17) .
A systematic investigation of rare predisposing variants in common migraine has become feasible because of recently improved technology to perform extensive sequencing in a large numbers of samples, but has not been performed. However, an equally relevant hypothesis is that common variants in either coding or non-coding regions of ion transport genes might predispose to migraine. Association of common variants to common traits can be studied with tools provided by HapMap (18) and modern genotyping techniques.
Our multicentre collaboration (the Migraine Genetics Consortium; MGC) assembled the largest cohort of patients with common migraine for a genetic mapping study to date. To investigate the potential role of genes involved in the transport of ions in common migraine, we performed the first comprehensive screen of common genetic variants in highly plausible candidate ion transport genes. A total of 5257 single nucleotide polymorphisms (SNPs) were examined in 155 genes in a large well-characterized Finnish case-control sample consisting of 841 unrelated MA cases and 884 unrelated non-migraine controls. Twelve genes producing nominally significant (P , 0.005) association signals in the Finnish sample were subsequently tested for replication in four independent migraine case -control samples from the Netherlands, Germany and Australia involving altogether 2835 migraine cases and 2740 controls.
Also, given the reported functional interaction between M-type KCNQ2 and KCNQ3 potassium channels (19) and their modulation by the KCNE2 subunit (20) , plus an account of compound heterozygosity for two novel allelic ATP1A2 missense mutations in the proband of a FHM family (21), we also tested for interactions between SNPs with nominally significant (P , 0.005) association signals in the Finnish sample.
RESULTS
Of the 5269 SNPs passing Perlegen's quality control (QC) criteria analyzed in the Finnish case -control cohort, PLINK identified 12 SNPs with MAF , 0.01 and subsequently excluded them from further analysis. Importantly, the PLINK identity-by-state (IBS)-based cluster analysis determined that one cluster best fit the data, thus providing no evidence for population stratification within the Finnish cohort. Absence of stratification was further supported with PLINK reporting a genomic inflation factor (based on median chi-squared) of 1 (values .1 indicate population structure) and mean chi-squared statistic of 0.945 (a mean of 1 is expected under the null hypothesis of no stratification).
No evidence for association with MA was observed for SNPs within the footprints of the three FHM genes. Briefly, none of the 25 ATP1A2 and 26 SCN1A SNPs produced pointwise P-values ,0.05. Although five of the 87 CACNA1A SNPs (rs10416717, rs2419233, rs7249323, rs11882861, rs2074880) did produce nominal point-wise P-values 0.05 (0.0131, 0.01822, 0.04142, 0.04257, 0.04915, respectively), they were not significant after adjustment for testing multiple SNPs.
Allelic association results 2log 10 (P) for all 5257 SNPs are presented in Figure 1 (also see Supplementary Material, Table S1 ). The smallest observed point-wise P-value from allelic association analysis of 5257 SNPs in the Finnish 841 MA cases and 884 controls was obtained for SNP rs13276133 (x 1 2 ¼ 12.49; point-wise P ¼ 0.00041) residing in the potassium voltage-gated channel, Shab-related, member 2 (KCNB2) gene on chromosome 8q13.3. The next smallest P-value obtained for SNPs within KCNQ3 on 8q24.22 (rs13267466; P ¼ 0.00064) and CLIC5 on 6p12.3 (rs2095771; P ¼ 0.00074) also showed encouraging evidence for association. An additional nine genes (ATP2C2, CACNA1E, CACNB2, KCNE2, KCNK12, KCNK2, KCNS3, SCN5A and SCN9A) produced promising association signals (P , 0.005) (Table 1) . However, after multiple test correction for the analysis of 5257 SNPs via permutation, our smallest point-wise P-value (rs13276133; P ¼ 0.00041) was not globally significant with a global EMP2 P-value of 0.7713. Hence, none of the tested SNPs reached global statistical significance (EMP2 P 0.05) ( Table 1) .
Exploratory analysis of haplotypes spanning two to six contiguous SNPs also did not produce significant evidence for association (data not shown), with the smallest observed point-wise P-value (x 1 2 ¼ 13.82; point-wise P ¼ 0.00020) obtained for the specific 3-allele G-T-T haplotype of SNPs rs1998822 -rs7076100 -rs11598027 within the CACNB2 gene on chromosome 10p12.33. The omnibus 3-allele haplotype test for this three SNP window (correcting for haplotype tests for all observed 3-allele combinations) only produced a x 1 2 of 18.12 with point-wise P ¼ 0.0012, compared with the single SNP point-wise P ¼ 0.00198 for rs11598027. Given that these results are not corrected for testing, all other two to six SNP haplotypes, analysis of haplotypes in these data did not produce stronger evidence for association compared with the single SNP analyses.
In addition to the primary MA phenotype, we also performed exploratory association analyses with strict International Headache Society (IHS) migraine criteria (i.e. excluding the 114 MA individuals with aura symptoms not strictly fulfilling the IHS aura criteria, but diagnosed as MA by our clinical neurologist; Table 2 ) and the key trait components of pulsation, photophobia and phonophobia (Table 1, Supplementary Material, Table S1 ). Although these exploratory analyses did not provide increased evidence for association between MA and SNPs within the three FHM genes, they did produce the smallest observed P-value (x 1 2 ¼ 16.00; point-wise P ¼ 0.000063), obtained for SNP rs12996816 residing in the KCNS3 gene on chromosome 2p24.2 with the pulsation phenotype; however, this result does not surpass the primary analysis global significance threshold of point-wise P 0.000019. Furthermore, given an additional global multiple test correction is required for examining four additional traits; these exploratory analyses do not alter the overall (negative) interpretation of our individual SNP association results.
Although no single SNP or haplotype reached statistical significance, multiple small effect association signals in multiple genes may nonetheless be present. To examine this possibility, we plotted the observed distribution of the 5257 rank-ordered chi-square ( Tables S2a and S2b for estimates of power to replicate the Finnish association results). The 66 SNPs were primarily selected upon the basis of having the smallest allelic association results among all the Finnish MA cases and controls (P , 0.005). The SNPs within these 12 genes were also selected if they produced nominal evidence (point-wise P , 0.05) for MA and/or produced more significant P-values, compared with the primary MA phenotype, for association with the traits examined in the exploratory association analyses (Table 1 , Supplementary Material, Table S1 ). In addition to the investigation of multiple effects within each gene, we selected multiple associated SNPs within the 12 most promising genes to help guard against potential assay failure in the follow-up replication studies. Counts of case -control individuals successfully genotyped are provided in Table 3 .
All 66 SNPs, except those which failed, were tested first in the Leiden sample with MA and MO (one SNP failed). Following the Leiden results, 60 SNPs were successfully tested in the population-based Brisbane sample with MA and MO. Finally, 44 SNPs were successfully tested in the Cologne and Munich clinic-based German MA samples. We note that due to the Munich cohort consisting of only migraine cases, two German-specific analyses were performed; (i) Cologne cases versus Cologne controls and (ii) combined Cologne cases and Munich cases versus Cologne controls. Post hoc analyses (not presented) in the replication cohorts containing a mixture of migraine sub-groups did not identify significant allele frequency differences between MO, MA and the latent class analysis (LCA)-based migraine groups, thus supporting the combination of these sub-groups. After QC checks, some genotype assays were failed in each cohort.
The results from association analysis of the 66 replication SNPs are presented in Table 4 . Although a small number of SNPs showed significant evidence for replication (EMP2 P 0.05) in the Brisbane [CLIC5 SNP rs3729618 (EMP2 P ¼ 0.0459)] and Cologne cohort [KCNE2 SNPs rs1467847 (EMP2 P ¼ 0.0139) and rs1013063 (EMP2 P ¼ 0.0193)], none of the SNPs produced consistent evidence for replication across the cohorts. Furthermore, none of the SNPs were significant in the combined replication cohort Cochran-MantelHaenszel (CMH) test after correction for testing 66 SNPs. Analysis of the Leiden, Brisbane and/or combined replication MA subset did not alter the overall results. Due to the associated CLIC5 alleles in the Finnish and Brisbane cohorts being in opposite directions, the KCNE2 associations remain as the sole result which could justify further investigation. See Supplementary Material, Table S3 for point-wise replication association analysis results for all 66 replication SNPs in the four individual replication cohorts and combined replication sample.
Interestingly, a SNP Â SNP epistasis analysis of the 66 replication SNPs in the Finnish case -control sample detected an interaction between KCNB2 SNP rs1431656 on chromosome 8q13.3 and CACNB2 SNP rs7076100 on chromosome 10p12.33 (point-wise P ¼ 0.0000199), which remained significant after conservatively correcting for all 2145 possible interaction tests [i.e. treating the 66 replication SNPs as independent] (global P ¼ 0.042). Accounting for non-independence between SNPs due to intermarker linkage disequilibrium (LD) (22) , the global P-value for the rs1431656 Â rs7076100 interaction is P ¼ 0.022. This interaction was driven by the rs1431656 -rs7076100 G-A haplotype providing increased protection against migraine (Table 5 ). An interaction between these two SNPs was not observed in any of the replication samples (Table 5 for comparison of population sample allele frequencies). However, other SNPs within these same genes, KCNB2 and CACNB2, provided suggestive evidence for interaction in the Brisbane cohort and marginally significant evidence for interaction in the combined Cologne and Munich cohort (i.e. between CACNB2 SNP rs8181477 and KCNB2 SNPs rs7006287 and rs11782118, point-wise P ¼ 0.004017 and P ¼ 0.004454, respectively). A more detailed description of the interaction analysis is provided in the Supplementary Material, Appendix.
DISCUSSION
Triggered by the observation that all three genes for FHM, a monogenic subtype of MA, encode ion transporters, we investigated the role of ion transport genes in the common forms of migraine. To this end, we performed the first comprehensive screen of common genetic variants in highly plausible candidate ion transport genes. We tested a total of 5257 SNPs covering 155 of such genes initially in a large well-characterized Finnish case -control sample. The most significantly associated 66 SNPs in 12 genes were subsequently tested in four additional independent cohorts, but no consistent replication was detected across all cohorts. Supplementary Material, Tables S2a and S2b contain estimates of the power to replicate association for the four most significantly associated SNPs [rs13276133, rs1431656 (KCNB2); rs13267466 (KCNQ3); rs2095771 (CLIC5)] in the Finnish cohort, plus the single CLIC5 SNP (rs3729618) and two KCNE2 SNPs (rs1013063, rs1467847) producing significant evidence for replication (EMP2 P 0.05) in the individual Brisbane and Cologne cohorts, respectively. The combined replication sample had very high (.99%) power to replicate the four most significant Finnish association signals [rs13276133, rs1431656 (KCNB2); rs13267466 (KCNQ3); rs2095771 (CLIC5)], while the individual Leiden, Cologne, combined Cologne and Munich, and Brisbane cohorts each had 68-71%, 54-57%, 61-65% and 79-82% power to replicate at a nominal point-wise threshold of P 0.05. At a globally significant replication threshold (adjusted for testing all 66 SNPs selected for replication) of P 0.001 [estimated using SNPSpD (22) ], the individual cohorts' power to replicate dropped considerably to 19 -22%, 11 -12%, 14-17% and 30-34%, respectively. However, the power to replicate (P 0.001) remains high (85 -89%) in the combined replication sample.
Despite our use of large and well-characterized migraine case -control cohorts (total of 2835 cases and 2740 controls), only the potassium voltage-gated channel, Isk-related, member 2 (KCNE2) gene on chromosome 21q22.11 produced marginally convincing evidence for replication in the Cologne cohort. However, the lack of association evidence in the remaining three replication cohorts, including a similar sample from Munich, cast doubt on the robustness of this finding. Furthermore, analysis of the KCNE2 SNPs (rs1013063, rs1467847) in the combined replication sample produced non-significant CMH point-wise P-values of 0.187 and 0.161, and global EMP2 P-values of 1 and 0.9995, respectively (see Supplementary Material, Table S3 ).
While no single SNP produced significant evidence for association in the Finnish case -control sample, SNP Â SNP epistasis analysis of the 66 SNPs selected for replication detected a significant interaction between KCNB2 SNP rs1431656 on chromosome 8q13.3 and CACNB2 SNP rs7076100 on chromosome 10p12.33 (point-wise Other; migraine aura symptoms not fulfilling the International Headache Society aura criteria, but classified as migraine with aura by a clinical neurologist. Human
P ¼ 0.0000199; global P ¼ 0.022). Although this specific interaction was not observed in our replication cohorts, the significance of the rs1542709 Â rs7076100 interaction in the Finnish sample and supporting evidence for inter-genic SNP Â SNP interaction in the combined Cologne and Munich replication cohort, indicate further study of KCNB2 and CACNB2 variants and their combined contribution to migraine susceptibility may be warranted.
To investigate how the reported results would compare to those potentially obtained in a high-density genome-wide association (GWA) study, we examined the SNP coverage across the gene footprints provided by the Illumina HumanCNV370-Duo and HumanHap550-Duo BeadChips (array marker lists were downloaded from http://illumina.com.au on 19 December 2007). These two arrays were selected owing to both their popularity and design. More specifically, in contrast to the Affymetrix arrays 5.0 and 6.0 (containing 440 794 and 906 600 SNPs, respectively), which are not designed with reference to LD structure, the Illumina arrays contain SNPs selected to tag LD bins-analogous to the approach employed in the design of our ion transport Perlegen array. However, although the Affymetrix 6.0 array was not designed with reference to LD structure, it is worth noting that it has been shown to provide similar LD coverage to the Illumina HumanHap550 [http://www.ashg.org/genetics/ashg07s/index.shtml; (23) ].
Of the 370 405 SNPs present on the HumanCNV370 array, 3272 are located within the 155 gene 'footprints' (includes extension of 20 kb upstream of transcription start and 10 kb downstream of transcription end). Of the 561 467 HumanHap550 SNPs, 5270 are located within the 155 gene 'footprints'. Given the usable number of Illumina array SNPs would likely be reduced after QC, these counts indicate that our study provides at least as much coverage of common variation as that provided by the high resolution HumanHap550 array [which captures 90% of all HapMap Phase I þ II loci (MAF . 0.05) with r 2 . 0.8] and far greater coverage than the HumanCNV370 array. Hence, the results of our detailed association screen of 155 ion transport genes are highly relevant to the burgeoning field of whole GWA studies. Indeed, the results of our study may be readily compared with GWA studies as they come to pass.
Furthermore, although our study was well-powered and had excellent SNP coverage, the absence of significant association within these 155 highly plausible migraine candidate genes at a moderate significance threshold (approximately P , 10 25 ) compared to that required for GWA studies (recent guidelines recommend P , 10
27
) (24, 25) , indicates that common variation of moderate effect in these candidate genes does not play a major role in common migraine susceptibility within the samples examined. These results therefore suggest that either common variation of smaller effect in these candidate genes, or other 'less obvious' genes and pathways likely underlie the genetic susceptibility of the common forms of migraine. Alternatively, the investigated ion transport genes contribute to migraine through multiple, relatively rare and/ or possibly interacting variants, or variation in distant cis-or trans-regulatory elements not tested in this study design. Although sample sizes in excess of 10 000 cases and 10 000 controls will be required to detect rare variants (MAF , 0.1) (26), a GWA study in large, well-characterized samples would be an unbiased way to test the hypothesis whether common variants in any part of the genome are associated with common forms of migraine. Indeed, efforts are now underway within the MGC to perform a GWA study utilizing at least 2000 unrelated MA cases. The results of the MGC GWA study should ultimately determine whether common genetic variants underlie susceptibility to common migraine and this approach would not restrict our thinking to previously known or predicted pathways. It enables testing of less predictable regions of the genome and allows examination of SNP Â SNP interaction on a true genome-wide scale.
In addition, pathway-based approaches can be readily applied to GWA studies to yield biological insights that are otherwise undetectable by focusing only on individual genes and/or regions that have the strongest evidence for association (27) . For example, a typical pathway-based approach might rank all genes by their significance of association and then investigate whether a particular group of genes is enriched at the significant end of the ranked list more than that expected by chance. Application of such pathway-based approaches, where multiple genes in the same pathway contribute to disease aetiology, but common variations in each of the causal genes make modest contributions to disease risk, has enormous potential to both detect novel and confirm hypothesized causal pathways and disease mechanisms other than ion transportation (e.g. dopaminergic and serotonergic pathways).
MATERIALS AND METHODS

Finnish discovery cohort
For this cohort, patients with a diagnosis of MA were drawn from the ongoing Finnish Migraine Study. MA was chosen as the principal diagnosis, as the Finnish patient pool has been primarily ascertained for this disorder and because the inclusion of aura as a diagnostic criterion reduces the possibility that other headache disorders would be included in the case sample (28) . Patients were recruited from four headache clinics across Finland. Index cases were selected based on clinical examination by a neurologist from patients with at least three affected first-degree relatives; all available family members were also recruited into the study. Index cases and family members were diagnosed based on the IHS criteria (29, 30) using the validated Finnish Migraine-Specific Questionnaire for Family studies (31) . For the Finnish study, all participants gave informed consent and approval to conduct the research was obtained from the Helsinki University Central Hospital Ethics Committee. Over 6000 individuals in more than 800 families have taken part in this study and (32) . One twin was selected from each pair, and these subjects were matched with respect to gender and age to cases. Control subjects have all responded negatively to the question of lifetime occurrence of migraine and also report no family history of migraine. Table 2 details key characteristics of patient findings for the Finnish study (33) .
Replication cohorts
Leiden cohort. The Leiden sample is a well-phenotyped population-based migraine cohort from the Genetic Epidemiology of Migraine (GEM) study from the Netherlands. DNA was available from 823 unrelated migraine cases (555 MO; 268 MA) and 946 unrelated non-migraine controls. The GEM cohort is embedded within the 'MORGEN' project-a population-based study designed to monitor risk factors for and the prevalence of chronic diseases of public health importance in Dutch adults 20-65 years of age. The sample for the MORGEN project was selected randomly within equal-size strata of a five-year age group and gender from two Dutch county population registries. During 1995 -1996, a total of 6491 individuals (52.7%) participated in the study. Respondents signed a general informed consent for the MORGEN project, and a specific informed consent for the GEM Study. For case-finding, MORGEN participants were mailed an extensive self-administered questionnaire that included questions about sociodemographic characteristics, medical history, psychosocial functioning and five migraine screening questions [adapted from Stewart et al. (34) ]. Screen-positive participants completed a more detailed questionnaire that focused on signs and symptoms of migraine headache and aura as outlined in the IHS criteria. Very special care was given to diagnose aura and those reporting visual aura symptoms were also asked to draw what they saw. A semistructured telephone interview was obtained in a random sample of (83%) screen-positive and (5%) screen-negative participants to clarify the signs and symptoms of migraine headache and aura reported in the stage 2 questionnaire, and to validate the earlier questionnaire. After a screening procedure, final (lifetime) diagnosis of migraine was made in 863 participants, 620 of whom had active migraine (10). The lifetime prevalence of migraine in women was 33% and the 1-year prevalence was 25%. In men, the lifetime prevalence was 13.3% and the 1-year prevalence was 7.5%. Among patients with migraine in the past year, 63.9% had MO, 17.9% had MA and 13.1% had both MA and MO. The prevalence of migraine was significantly higher in women and not associated with socioeconomic status. Migraine patients suffered a median of 12 migraine attacks per year; 25% had at least two attacks per month. The Leiden control sample was drawn from participants who were screened negative on the five migraine screening questions and matched the cases with respect to age and gender. The GEM sample has been used for genetic and clinical research, including assessing Cologne/Kiel cohort. All participants were diagnosed by the revised criteria of the IHS (30) (601 MA patients and 651 matched, healthy control individuals) and have provided their written informed consent; the study was approved by the Local University Ethics Committees. All patients were interviewed personally or by telephone by an experienced neurologist and a detailed questionnaire was completed for each of them. The complete patient ascertainment was performed by a single highly specialized headache centre. The questionnaire included a comprehensive assessment of (i) the type, frequency, localization and duration of aura symptoms, (ii) the possible existence of motor symptoms such as weakness or hemiplegia, (iii) the properties, frequency, localization and duration of the headache attack, (iv) a history of medication, (v) the existence of other possible diseases and (vi) the family history. All control individuals were unrelated, of German origin and were also gender-matched. Control individuals were interviewed to exclude those who suffer from frequent headaches or migraine. From each family, the index case, provided that he/she had a positive family history, has been included in the case -control sample [for more detailed cohort information see, for example, Netzer et al. (38) ].
Munich cohort. All subjects were unrelated and were diagnosed with MA based on the revised criteria of the IHS and have given their written informed consent. All patients were personally seen and examined by a headache specialist. The majority of subjects were sampled through a headache clinic (approximately 60%) or a headache specialist in private practice (30%). The remaining patients were recruited at the Department of Neurology (Klinikum Großhadern, Munich). All participants received an extensive, validated questionnaire (31) used in studies on the genetics of migraine. The questionnaire includes a comprehensive assessment of (i) premonitory symptoms, (ii) the type, frequency, localization and duration of aura symptoms, (iii) the presence/absence of motor symptoms, (iv) the properties, frequency, localization and duration of the headache attack, (v) a history of medication, (vi) comorbidities, (vii) family history and (viii) ethnic origin. The study was approved by the Local Ethics Committee in Munich.
Brisbane cohort. The Australia-wide sample is a large population-based migraine cohort which has been used in a number of studies addressing various aspects of migraine genetics ( However, the younger cohort were asked questions relating to all IHS symptoms, whereas the older cohort had a somewhat more restricted number of questions (no questions regarding attack frequency, duration and pain intensity). The two cohorts were combined, thus allowing LCA to impute class membership in the older cohort, based on the pattern of all 10 symptoms observed in the younger cohort. To examine the accuracy of imputed class memberships, we compared the classification results for the younger dataset utilizing all the 10 available IHS symptoms, to the classification results for the younger dataset utilizing only the seven IHS symptoms that were available for the older cohort. Compared to using all 10 symptoms, when only the seven symptoms were used, these analyses found 98.5% and 96.0% of individuals were correctly classified as unaffected and affected, respectively; thus indicating that the three missing symptoms in the older cohort have negligible effect on the accuracy of individual LCA classifications (42) . Given that we have previously shown LCA classified migraine to be a valid and accurate measure for genetic research (39), we combined Brisbane cases satisfying IHS criteria (64%) with cases classified as affected via our LCA approach (36%). The Brisbane case-control replication sample consists of 1152 unrelated migrainous headache (39, 42) cases of which 971 report visual aura and 1152 unrelated Australian twin controls screened negative for migraine. All controls have participated in the same survey and indicated that neither the study subject nor any first-degree relative had migraine.
Candidate gene selection
We targeted a comprehensive listing of ion channels and ion-channel modulators expressed in human brain for the association screen. Microarrays for genotyping were designed with the goal that they will have utility in a number of disorders beyond migraine in which ion-transporters are also predicted to play an important role, including epilepsy and cardiac arrhythmias. Therefore, we targeted all the relevant ion channels with sufficient SNP marker density to have high power to detect association. Table S1 ). Table 6 shows a breakdown of the major categories.
Polymorphism selection
Polymorphism selection for the ion-transport screen was primarily based on Perlegen's 'LD bin-map' of SNPs that are validated in their assay, have a minor allele frequency (MAF) .0.1, and have been tested in their screen of almost 1.6 million SNPs in 71 Americans of European, African and Asian ancestry to define whole genome patterns of variability (43) . Perlegen has identified tag SNPs within each bin that are in LD with every other SNP in the bin with r 2 . 0.8 using the algorithm of Carlson et al. (44) . Such representative tag SNPs were selected from LD bins spanning each of the 155 gene 'footprints' (transcriptional footprint extended 20 kb upstream of transcription start and 10 kb downstream of transcription end). The mean and median gene footprint was 136 280 bp and 67 100 bp, respectively.
In designing the microarrays, one-tag SNP was selected from bins containing one to two SNPs. For bins containing three or more SNPs, two-tag SNPs were selected to guard against possible assay failure of a single-tag SNP, thus minimizing the potential for loss of the substantial allelic variation contained within larger LD bins. A total of 5975 SNPs were selected for genotyping. These 5975 tag SNPs provide an overall mean and median per-gene resolution of one SNP every 5034 bp and 3552 bp, respectively; and effectively test a total of 11 148 SNPs with r 2 . 0.8, thus providing a very high resolution to test all common alleles within these genes.
Genotyping
Genotyping of the ion-transport SNPs utilized microarrays designed by Perlegen Sciences, Inc. (Mountain View, CA, USA) and manufactured by Affymetrix, Inc. (Santa Clara, CA, USA). These assays have been documented to have a .99% concordance with other genotyping methods (43, 45) . Genotyping assays and QC was performed by Perlegen. A total of 59 individuals were excluded from further analysis due to an overall call rate of ,80% and the data quality remaining poor after repeat genotyping of the sample. An additional 14 individuals were excluded from further analysis due to evidence of familial relatedness after examination of allele sharing among pairs of individuals using the genotypic relative risk program (46) .
A total of 706 SNPs were excluded from further analysis according to at least one of the following QC criteria: (i) call rate of ,95%, (ii) P , 10 24 for deviation from Hardy -Weinberg equilibrium and (iii) X and Y chromosome SNP performance (i.e. for non-pseudoautosomal X chromosome SNPs, females can have up to two alleles, whereas males can have only one allele; for Y chromosome SNPs, females should have zero alleles while males should have one allele). The resulting 5269 tag-SNPs still provide a very high resolution to test all common alleles within the 155 iontransport genes with an overall mean and median per-gene resolution of one SNP every 5968 bp and 4323 bp, respectively.
For the replication study, SNP genotypes were determined in a 384-well format using the Sequenom iPLEX system (Sequenom, San Diego, CA, USA) in which the distinction between genotypes is based on the mass differences between the primer extension products of the two alleles. Assays were designed using the AssayDesign software (Sequenom); primer information is available from the corresponding author upon request. The multiplex polymerase chain reaction and primer extension reactions were performed under standard conditions according to the manufacturer's instructions using 20 ng of genomic DNA as a template.
Power of Finnish case -control sample to detect association
To account for non-independence between SNPs due to intermarker LD, we determined the approximate effective number of independent SNPs (M eff ) following the SNPSpD approach of Nyholt (22) and applying equation (5) of Li and Ji (47) . Utilizing observed genotype data for the final 5269 SNPs passing ) determined an equivalent of 2677 total independent SNPs to be tested for association. Consequently, to ensure an overall type I error rate of 5%, we require a Bonferroniadjusted significance level (a) of
Power calculations were performed for a case-control study assuming a disease prevalence for MA of 5% using the Genetic Power Calculator (48) . In short, power calculations for our Finnish discovery cohort assumed loci with dominant and multiplicative modes of inheritance and were based on our post-QC sample of 841 cases and 884 controls. The Finnish cohort has over 80% power to detect dominant disease-predisposing alleles of frequency 0.10, 0.25 and 0.5 contributing a GRR of 1.78, 1.70 and 2.32, respectively. For the general multiplicative model, there is 80% power to detect risk alleles of frequency 0.10, 0.25 and 0.5 contributing a GRR of 1.65, 1.45 and 1.40, respectively. These calculations demonstrate our Finnish discovery cohort to have high power to detect ion-transport gene associations of moderate effect.
Statistical analysis
The following statistical analyses were performed using the PLINK analysis program (version 1.00) (http://pngu.mgh. harvard.edu/purcell/plink/) (49) . PLINK QC options were utilized with default thresholds: maximum missing genotypes per person (--mind option) 0.10, maximum missing genotypes per SNP (--geno option) 0.10, MAF (--maf option) !0.01 and Hardy -Weinberg disequilibrium (exact) P-value !0.001 in controls (--hwe option). Cluster analysis based on pair-wise IBS distance (--cluster option) of the SNPs passing both Perlegen and PLINK QC criteria was utilized to identify possible population structure within the Finnish case-control cohort. Single marker basic allelic association (x 1 2 ) tests (--assoc option) were performed for each of the post-QC SNPs. PLINK's max(T) permutation procedure (--mperm option) was used with 10 000 iterations to obtain accurate global empirical P-values (i.e. point-wise P-values are for the single test only, whereas global P-values are adjusted for testing all analyzed SNPs) ('EMP2' column of --mperm output). Genome-wide significant association is therefore obtained at a global EMP2 P-value of 0.05 or smaller. Although the primary analysis in the Finnish cohort tested for association to MA, we also performed exploratory association analysis to strict IHS criteria, and the individual migraine trait components of 'pulsation', 'photophobia' and 'phonophobia' to help select SNPs for replication.
The FDR approach (50 -52), which allows a controlled proportion of positive results to be false, while detecting more true-positives was also used to help select and interpret the most promising SNP associations for replication. This was done using the default settings of the QVALUE computer program (version 1.1) (53) . A preponderance of x 1 2 values suggestive of association was also examined via a QQ-plot, by plotting the distribution of observed chi-square (x 1 2 ) values obtained from the single SNP allelic association analysis of MA in Finns against the distribution of x 1 2 values expected under the null hypothesis of no association.
Given that recent results from two-stage association studies indicate the most significant SNP in the total sample is not necessarily the most significant SNP in the first stage, to balance guarding against not following-up a true risk locus with the number of loci to follow-up (i.e. minimizing the multiple-test burden to maintain high replication power), SNPs producing nominally significant (P , 0.005) allelic association with MA in the Finnish cohort, together with supporting evidence for association to strict IHS migraine and individual trait components were selected for genotyping in the replication cohorts. The nominal significance threshold of P , 0.005 was selected after examination of the QQ-plot and FDR results. Given PLINK's clustering procedure (--cluster option) requires whole-genome level data to give accurate results (probably .10 000 SNPs), to allow for potential population differences between the replication cohorts, a CMH analysis (--mh option) was used to test for overall association in the replication samples, controlling for cohort. The CMH test for 2 Â 2 Â K-stratified tables is based on an 'average' odds ratio (OR) that controls for the potential confounding due to the cluster (cohort) variable. To account for differences in ascertainment and diagnoses in addition to potential genetic differences at the population level, the Leiden (Dutch), Cologne and Munich (German), and Brisbane (Australian) cohorts were each assigned to the separate clusters, resulting in a CMH test that controls for four separate clusters. A schematic overview of our study design is provided in Figure 3 .
To further examine peak association results and guard against missing a strong association signal by only analyzing observed/single SNP data, exploratory association analysis of haplotypes spanning two to six contiguous SNPs were also performed using a sliding window approach via PLINK's --hap-window and --hap-assoc options.
Given the strong prior hypothesis for involvement of these genes in migraine, we also tested for SNP Â SNP epistasis using PLINK's --epistasis option. For our total 5257 SNPs there are 13 815 396 possible SNP Â SNP interactions. Therefore, although it is possible for loci with no individual effects to still have a component of genetic variance attributable to epistatic effects, following the recommendation of Blangero et al. (54) , to minimize epistasis multiple-testing burden, analyses were restricted to SNPs producing nominally significant (P , 0.005) allelic association with MA in the Finnish cohort.
Finally, the PS program (55) was used to perform power calculations in the replication cohorts. Briefly, the power to replicate promising association results was estimated in the individual and combined replication cohorts utilizing the control allele frequency and OR observed in the Finnish case -control cohort.
